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APPLICATIONOF OBLIQUE-SHOCKSENSINGSYSTEMTO

RAM-JET-ENGINElIIJGHTMACHNUMBERCONTROL

By IYedA.WilcoxamdDonaldP. Hearth

SUMMARY

An oblique-shocksensingsysteminserieswithnormal-shockposi-
tioningcontrolswasinvestigatedona fixed-geanetry,16-inchram-set
engineatMachnumbersfrom1.5to 2.16andanglesofattackto10°in
theLewis8-by 6-footsupersonicwindtunnel.Positionoftheoblique

q shockwassensedby meansofa pitot-pressuretubelocatedat thecowl
@ ?. lip● Thecompletecontrolsystemwassoarrangedthatthepositionof

theobliqueshockwasusedtoprovideMachnumbercontrol-bycausingthe
enginetobe operatedathighthrustbelowthedesiredMachnumberand.
lowthrustabovethedesiredMachnumber.This systemisalsoappli-
cableto
gemnetry

supersonicturbojet-engineinstallations-forcontrolofvariable-
inletfeatures.

INTRODUCTION

Ran-jetenginesme generallydesignedto cruiseat somepredeter-
minedflightspeed.To achieveandmaintainthisMachnumber,thecon-
trolsystemmustsenseoff-designconditionsandprovidethenecessary
correctiveaction.Theconventionalpitot-staticpressuremethodis
generallyemployedtodetermineflightMachnumber(ref.1). Unfortu-
nately,at highaltitudeswherethestaticpressurebecomeslow,this
methodofMachnumberdeterminationmaybecome

Amongthealternatemethodsavailablefor
numberofa ram-~etpoweredvehicleisa shock
positionoftheobliqueshockgeneratedby the
synnnetricinletindicateswhenthedesignl&ch

highlyinaccurate.

sensingtheflightMach
sensingsystem.The
spikeofanaxially
numberisreached.Pre-

liminarye~erimentswereundertakenwitha 16-inchram-jetengine
utilizingthisoblique-shockprincipleto senseflightMachnumberand
toregulatetheenginethrustaccordingly.A briefdiscussionofthis
systemis includedinthepreliminarysurveyofvariousram-jetcontrols* (ref.2). Thepresentreportincludesdetailedresultsovera ramgeof
free-streamMachnumbersof1.50to2.16andat anglesofattackto 10°.

● Operationofthesysteminvestigatedisanalyzedandvariousapplications
arediscussed.
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SYM60LS

Thefollowingsymbolsareusedinthisreport:

propulsionthrust coefficient

Machnumber

pitotpressure,lb/sqf%

staticpressure,lb/sqft

specificfuelconsumption,(lb/hr)/(lb)

voltage from pressureswitches —.

voltageto fuelservo

fuelflowlb/hr

NACARM E54L22a

—.

—
.—

ii

rate ofchangeoffuelflowlbsec .—

angleofattack,deg
.- “

pitotsensingpressureminuspitotreferencepressure,Ps - Pr
———

staticsensingpressureminusstaticreferencepressure,ps - pr .

totalpressuredividedby NACAstandardsea-levelstaticpressure

combustionefficiency,percent —

totaltemperaturedividedby NACAstandardsea-levelstatic
temperature

Subscripts:

s sensingorificeortube

r referenceorificeortube

o freestream

3 combustorinlet

-—
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APPARATUSANDPRCXXDURE

EngineandInstallation

The16-inchrsm-jetenginewasinstalledinthe8-by 6-footsuper-
sonicwindtunnelas showninfigure1. Thesupersonicdiffuserwas
designedsuchthatthesingleobliqueshockgeneratedby the25°half-
anglespikewouldfallonthecowllipata free-streamMachnumberof
1.9. Theplatetechniqueofreference3 wqsusedto obtaindataat
testMachnumbersof2.16.A moredetaileddiscussionoftheengine
anddatareductiontechniquesisincludedwithengineperformancecurves
inreference4. Transientsinenginenozzleexitareawereimposeddur-
ingcontroloperationbymeansofa moveablewater-cooledplug.

Forconvenienceinrelatingthedata,thevariationofthefuel-
flowparsmeterwithcombustor-inletMachnumberisgiveninfigure2
forvariousvaluesofconibustionefficiency.Combustionefficiencies
obtainedduringengineoperationrangedfrom60percentto 90percent
andcanbe obtainedfrom’reference4.

%
cdla Locationofthepressuretubesandorificesusedintheprimaryand
q secondarycontrolsystemsisshownin figure3 alongwiththediffuser
g. flow-areadistribution.Tominimizeangleofattackeffects,allpres-

sureorificesandtubeswerelocatedorIthehorizontalcenterline.The
primary,orMachnumbersensingsystemutilizedpitottubesat thecowl
lipandat thespiketip. Threepitot-tubepositionsat thecowllip
wereinvestigated.Thesecondarycontrolsystanmadeuseofstatic-
pressureorificesontheenginecenterbodyandspikeas inreferences
2 and5.

A cancombustorwithdualupstreaminjectionwasemployed(seeref.
4). Fuelflowtotheinnerfuelmanifoldwassetmanuallyto givea
ratioofprimaryfuelto engineairofabout0.015foralloperating
conditions.Thefueltotheoutermanifoldwascontrolledby theservo-
operatedfuelvalvedescribedinreference2. Thisvalvewas,designed
to givea linearvariationinfuelflowwithimposedd-cvoltage.

OperationofControl

Generalarrangementofthecontrolisshownintheblockdiagrsmof
figure4(a). Tubesandorificesusedto senseshockpositionwerecon-
nectedto twoon-offpressureswitchesasdescribedinreference5.
Voltagesignalsfromthepressureswitcheswentto a controllerwhich
increasedordecreasedthevoltagesignal(linearlywithtime)tothe
fuelvalve.,Enginefuelflowthuswasvariedlimesrlyby theon-offs actionofthepressurestitches.Thepressureswitcheswere,manged
inseriesaa figure4(b)indicates.Theprhnaryswitchwhichsensed

,
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by meansof obliqueshockpositionwhetherflightMachnumberwasaboveor
belowdesigncouldeithersupplya plusvoltagesignalto thecontrolto
increasethefuelflow,oritcouldsetthesecondaryswitchin operation.
Thesecondaryswitchsupplieseithera.plusorminusvoltagesignalto the
controlwhichwouldthenincreaseordecreaseenginefuelflowtoposition
thenormalshockat someprescribedpositionwithinthediffuser.Forthe
switcharrangementshown,thesecondaryswitchisheldinoperationby the
primaryswitchandisgivinga signalto thecontrolto increaseengine
fuelflow.

Theprimarysystemwasoperatedonthe AP signallocatedbetw;en
thepitotpressureatthecowllipandthe~itotpressureat thespike
tip. Thissystemisillustratedinfigure5. Sincetheconditionfor
whichtheobliqueshockwouldinterceptthecowllipisprimarilya
functionoffree-streamMachnumber,the AP signalcanbe usedto
indicatewhethertheengine is operatingbelayorabovedesignflight
speed.At flightMachnumbersbelowdesign,thecowlpitottubeis
behindtheobliqueshockandpitotsensingpressurePs isgreaterthan
pitotreferencepressurePr. Thefuelfbwwould thenbe increasedto
drivethenormalshockupstream(fig.5(a)).As theslipline(vortex
sheet)crossesthecowl-pitottube,thepitotsensingpressureisapprox-
imatelyequalto thepitotreferencepressureandthesecondarycontrol
systemwouldbe activatedtoreducethefuelflowfromthecondition
shown.!lhus,atMachnumbersbelowthedesignvalueof1.9,thecom-
binedsystemspositionthenormalshocksothattheslipline,generated
at theintersectionoftheobliqueandthenormalshocks,intersectsthe
cowllip(fig.5(b)).At flightMachnumbersabovethedesign-value,
thesecondaryshockpositioningcontrolsystemwouldbe continually
activatedsincethesensingandreferencepitotpressureswouldbe
approximatelyequal(fig.5(c)).

Thesecondarycontrolsystemwhenactivatedby theprimaryorMach
numbersensorsystemsetsthenormalshockat somepredeterminedposition
inthediffuser.Twopositionsforthenormalshockwereinvestigated
andareillustratedinfigures6 and7. Fokthesensingpressuresshown
infigure6 thenormalshockwaspositioned-approximately15 inchesdown-
streamofthecowllip. Thisdownstreamorsupercriticsllocationre-
sultedinlowdiffuserpressurerecovery(ratioofdiffuser-exittotal
pressureto free-streamtotalpressure)whichin turn causedlowengine
thrust. Thus,whenusedin series,withtheprimarysystem,highthrust
wouldbe setat flightMachnumbersbelowdesignandreducedthrustfor
Machnumbersabovedesfgn.Normal-shockpositioncloseto thecowllip
(critical)wasobtainedby useofthesensingpressuresshotminfig-
ure7. Thisarrangementofthesecondarysystemwasthesameutilized
inreference5, andwhencombinedwiththeprimarysystemresultsin
essentiallypeakthrustoperationovertheMachnumberrangeinvestigated.

h
.—

b

—

Y-

—

—

.
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RESULTSANDDISCUSSION
. To determinetheoptimumpositionforthepitottubelocatedatthe

cowlandutilizedinsensingthepositionoftheobliqueshockgenerated
by thespike,threealternatelocationswereinvestigated.Theengine
wasoperatedmanuallyandtheobservedvariationinpressureparameter
foreachtubepositionis indicatedinfigure8. Althoughshownonly
at a Machnumberof1.50,theresultswereconsistentat otherMachnum-
bersbelow1.9. Ideally,thepitot-pressurepsrametershouldbe maximum
andconstantas theinletnormalshockisdrivenforwarduntilthevortex
sheetpassesacrossthepitottubeatthecowllip. Oncethevortex
sheetpassesacrossthesensingtubeandenterstheinlet,thepressure
psrametershouldideallydecreaseto zero. Thebandofdataindicated
infigure8 fora giventubelocationisprobablydueinpartto the
finitethicknessofthevortexsheet.Becausesomegaininpropulsive
thrustmaybe achievedby subcriticaloperation(ref.4),a tubelocated
O.110inchoutsidethecowllipwasselectedforusewiththeprimary
controlsystem.Thedashedlinesonthefigureindicatethesetting
selectedforthepressureswitchutilizedaspartoftheprimsrycontrol
system.

s

Theeffectoffree-streamMachnumberonthepitotpressurePs for
. thetubeposition2 is indicatedinfigure9. Thesedata,whichwere

alsoobtainedduringmanualengineoperation,indicatethatasthefree-
streamMachnumberis increasedfrom1.50to 1.79,theengineoperation
remainssubcritical.Thevalueofthepressureparameterforsuper-
criticaloperationincreasedwithflightWch numberbecauseof in-
creasedstrengthoftheoblique shock.

ForMachnumberabovedesign(~ > 1.9),a conditionforwhichthe
obliqueshockwouldfallinsidethecowllip,thesensingpressureswere
identicaltothatpresentedforMachnumber2.16,thatis,constantand
approximatelyzero. Generallygoodagreementwasnotedbetweenthe
supercriticalpitot-pressureparametersobservedeqxzimentallyandthe
valuespredictedanalyticallyfromshockstructures.

Thestatic-pressuresusedto actuatethesupercriticalsecondsry
systemareillustratedinfigure10. Dataforfree-streamMachnum-
bersof only1.98and2.16areshownsincethissystemwastobe
placedin operationonlyabavedesign(~ = 1.9). me static-pressure
psmmetersforMachnumbersbelowdesignaresimikrtothosepre-
sentedforMachnumbersabovedesign.Thehorizontaldashedlines
representthesettingselectedforthepressureswitch.Thedatain-
dicate,thatas desired,thiscontrolsystemwouldseta supercritical
operatingconditionovertherangeofMachnumbersinvestigatedandat

J’ angles ofattackto at least100. Althoughnottidicatedonfigure10,
goodagreementwasobtainedatMachm.nnber1.98betweentheexperimental
static-pressureparameterandvaluescomputedfromone-dimensionalflow

u
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relations.Similaragreementwasalsoobservedat,andbelow,thedesign
Machnumber.Pooragreement,however,wasnotedat2.16,wherethe
obliqueshockfellinsidethecowl. L

Staticpressuresforthecriticalsecondarysystemarepresentedin
reference5. Thesepressuredataaswell”astestresultsontheactual
controlsystem,alsoreportedinreference5, indicatedthatthesystem
shouldanddidmaintaintheengineslightlysubcritical.Itwasalso
demonstratedthatthiscontrolsystemoperatedsatisfactorilyat angles zofattackto10°,themaximuminvestigated. -9

Engineperformancesetby thecontrolisshowninfigure11,super-
imposedonthesteady-stateengineperformancecurvesoriginallypre-
sentedinreference4. Dataareshownfortheprimarysystem&Loneand
inserieswiththesupercriticalandcriticalsecondsmys~tems. In
addition,dataarepresentedforthesup=criticalsecondarysystem
whichcanalsooperateindependently.Thedatapresentedareforlow
ratesofchangeoffuelflowwhichgavefuel-flowoscillationsbelow
130poundsperhour,orabout~ percentofthetotalfuelflow. con-
sequently,errorsdueto timeaveragingofipressuresusedin
thedataareminimized.A discussionofdynamicperformance
combinedcontrolsystemsispresentedintheappendix.

AtMachnumbersof1.5and1.79,theobliqueshockfell
thecowllip,andthepr-y systemby itselfandinseries

icomputing
ofthe

.

aheadof -.
witheither

ofthesecondarysystems,seta subcriticalinletconditioncloseto
whatwouldbe expectedfromsmalysisofthe sensingpressures(seefig.
9). Thissubcriticaloperatingconditionresultedinclosetopeakpro-
pulsivethrust.At allMachnumbersthesupercriticalsecondarysystem
seta drasticallyreducedenginethrust.Thislowthrustwouldbe —
obtainedforMachnumbersabove1.9whenthissecond~ systemwasused
inserieswiththeprimarysystem.Thecriticalsecondarysystem,tien
usedinserieswiththeprimarysystem,seta slightlysubcriticaloper-
atingpointat free-streamMachnumber1.98anda nearcriticalpointat
free-streamMach.number2.16,bothresultinginneexlypeskpropulsive
thrust.

Theoblique-shocksensingsystemreportedhereinmayalsobe applied
torsm-jetengines,whichshouldnotbe operatedsubcritlcallybecauseof
possiblecombustorblow-outdueto diffuserinstability.Insteadofre-
quiringsubcriticalinletoperationas inthepresenttest,anadditional
nmmal-shocksensingswitchcouldbe activatedby theoblique-shocksen-
sorsuch
forthat
wouldbe

thata slightlysupercriticaloperating-pointwouldbe obtained
partoftheflightplanwhena relativelyhighthrustcondition

--

required. *“

●
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Controloftheflighthkchnumberofa missileby useoftheprimary
sadlow-thrustsecondarysystemsinseriesissunnnarizedinfigure12.a
Enginepropulsivethrustcoefficientandenginecombustion-chaniberinlet
Machnumberareplottedasa functionoffree-streamMachnuuiber.The
free-streamMachnumberatwhichthecontro~edthrustdroppedto the
lowerlevelwasdeterminedas1.91@.01 by slowlychamgingfree-stream
Machnumberby adjustingthetunnelthroatarea. Thisspreadinthe
controlled-flightMachnumberisapproxtitel.ytheMachnumberspread
requiredfortheobliqueshocktopassfromonesideoftheinsidediam-
eterofthepitotsensingtubeto theother.Thetubeusedhad= inside
diameterof0.078inch.Thespreadcouldbe reducedby flatteningthe
tubeorby goingtolsrgerscaleengines.

Thiscombinedcontrolsystemwouldpxwidespeedcontroloverthe
Machnumberrangetestedifthedragcoefficientofthemissilefalls
withinthepropulsivethrustrangeava~ble fromtheengine.Forthe
hypotheticalmissiledragshowninfigureU, thepra controlsys-
temwouldcallforexcessthrustiftheflightMachnumberfellbelow
1.90andthemissilewouldaccelerate.WhentheflightMachnumber
reached1.92,thesecondarysystemwouldbe activatedW themissile

s woulddecelerate.Themissilespeedwouldthusosci31ateabovesad
belowthedesignflightspeed.

.
Althoughthissystemiseffectiveb modulatingthrustandmaintain-

ingthedesignfree-streamMachnumberitisnotnecessarilyefficient
whenappliedduringtheboostphaseofflight.Moreefficientboost
operationmaybe obtainedby utilizingvariable-geometryfeaturessuch
asa translating-inletspikeora variable-throatareaexitnozzle(ref.
6). Desiredcontroloversuchvariable-geometryfeaturescanbe achieved
withtheprimaryor oblique-shocksensingsystandiscussedherein.An
exampleofsuchan applicationispresentedinreference7,whichdis-
cussesthecontrolofspiketranslationofa supersonictilet-turbojet
engineconibination.

It is interestingto comparethepotentialaccuracyofan oblique-
shocksensingsystemindeterminingwhena desiredflightMachnumberis
reached,andthemethodofstatic-to-pitotpressureratiogenerally
amployed● Consideringonlythesignalstren@havailableto eachmethod
at 80,000feetofsltitude(p.z 58 lb/sqf% abs), the trendsshownin
figure3.3areobtained.ThedesignMachnumberselectedwasZ.&. Util-
izinga 28°half-amglecone,a pressuredifferentialofover400pounds
persquarefootwouldbe availableto theoblique-shocksensingsystem
(fig.13[a)).Moreefficientinlet@es havinga higherpressurere:
coverywouldprovideamevengreaterpressuredifferential.

-“ ThetechniqueofdeterminingflightMachnumberfromthemeasured
static-to-pitotpressureratioisillustratedinfigureI-3(b).Because
ofthelowstatic-pressurevaluesat highaltitudes,a smalle~or in

●
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*
measurementcanresultinlargeMachnumbererrors.Forexemple,a A5
poundspersquarefooterrorinthestatic-pressuredeterminationremits
inan errorofj@.12inthecomputedflightMachnumber,as indicatedby ‘
thecross-hatchedareain figure13(b).

SUMMARYOFRESULTS

Froman investigationintheLewis8-by 6-footsupersonicwind
tunnelofan oblique-shocksensingcontrolsystemona 16-inchram-~et z
engineatMachnumbersfrom1.5to 2.16andanglesofattackto10°the mm
followingresultswereobtaimed.

1.Accuratedeterminationoftherelationbetweenoblique-shock
positionandflightMachnumberwasobtainedbymeasuringthepitot
pressureatthecowllip. A largepressuredifferentialisavailable

—

to sensetheoblique-shockpositionevenathighaltitudes. —

2.Whenusedinconjunctionwitha normal-shockpositioningcontrol
systemthecombinationwillprovidespeedcontrolfora fixed-geometry
ram-jetpoweredvehicle. x

LewisFlightPropulsionLaboratory CL

NationalAdvisayCommitteeforAeronautics
Cleveland,Ohio,December20,1954
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APPlmDrx - DYNAMIC!PERFORMANCEOFCONTROL

d Dynsmic performanceofthecriticalsecondarysystemispresented
inreference5. Becausethedeadbandsofthesupercriticalandcritical
secondarysystemswerebothnearlyzero,similardynamicperformsmcewas
obtainedforbothsystems.Becauseofthewidedeadbandfortheprimary
system,aa showninfigure9,thedynamicperformancedifferedfromthat
ofthetwosecondarysystems.Oscillationofthissystemwouldbe ex-
pectedto followtheflattopwaveshapedescribedinreference5,and
showninthefollowingsketch:

I Fuel flowset

H ‘~-
by control

Fuelflowtoohigh

I

—— — —— . .

y : Control
w deadbandg.
l-l ——
: — ‘—Fuelflowtoolow. {

Systcxndeadtime

Time
‘Fhistype of controloscillationis illustratedintheoscillo~aph

traceoff@ure 14(a).Thistraceisfortheprimarysystemat fYee-
streemMachnumber1.79. Therateofchangeof fuelflowusedwas10,700
poundsperhourpersecond.Thesystemdeadbandforthisconditionwas
fromconfbustor-inletMachnumber0.176to 0.188(seefig.9(b])whichin
termsoffuelflowwasabout300poundsperhour. Themeasuredfrequency
of oscillationforthistraceis4.2cyclespersecond.FYomequation
{1)ofreferenceS, thesystemdeadtimeiscalculatedtobe 0.0595sec-
onds.Thisvalueisinapproximateagreementwiththevalueof0.055
secondsobtainedby summingthecomponentdeadtimes(ref.5). Controlled
fuelflowoscillatedbetween1740poundsperhourand2700poundsper
hour,givinga totalamplitudeof oscillationof960poundsperhour.
Averagetotalenginefuelflowforthis
1427poundsperhourbeingmanually set
Predictedamplitudeof oscillationfrom
972poundsperhour.

,

— —
casewaa3647poundspa hour,
by themrimaryfuelsystem.
equation(2),reference5,was

.
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Itwasindicatedinreference5,thatno oscillationofthistype
of on-offcontrolwouldbe obtainedatratesofchangeoffuelflow
belowa criticalvaluethatdependsonthedeadbandwidth.Thetrace
showninfigure14(b)illustratesa casewherean initialoscillation,
resultingwhenthecontrolwasturnedon,was dampedbecausea suffi-
cientlylowrateofchangewasused. Thetraceisfortheprinmrysys-
temat free-streamMachnumber1.6andrateofchangeof7150pounds
perh,ourpersecond.Urilebeledlinesonthistraceme notpertinant
to thediscussion.Theapproximate,experimentallydeterminedvalueof
thesystemdeadbandforthisthisconditionwas400poundsperhour.
Usingthisvalueofdeadbandanda systemdeadtimeof0.0595seconds,
thecriticalvalue oftherateofchangeiscalculatedtobes 6720
poundsperhourpersecondfromequation(4)ofreference5. Thedif-
ferencebetweenthisvalueandtherateofchangeusedforthetraceis
withintheaccuracyofdeterminationofdead-bandtidth.

.
—

Infigure15(a),thefuelflowwasmanuallydisplacedat free-
streemMachnumber1.90to a totalvalueof4577poundsperhour,a
farthersubcriticalconditionthanthatsetby thecontrol.Totalfuel
flowforcriticaloperationatthisMachnumberwasabout3000pounds
perhour. Thistraceisfortheprimarysysteminserieswiththecrit-

,“

icalsecondarysystemandtherateofchangeoffuelflowusedwas71.50
poundsperhourpersecond.SincethefreestreamMachnumberwas
slightlybelowthecontrolvalueof1.91,thecontrolseta slightly

.

subcriticalengineoperatingconditionatwh3chthefuelflowoscillated
between3320and3790poundsperhourwitha flat-topwaveshape.

Figure15(b)showstheoperationoftheprimsxysystemat an free-
stresmMachnumberof1.79duringa changeinexitsreafrom0.96square
feetto 0.76squarefeetinabout0.07secondby meansofthewater
cooledexitplug. Controlactionreducedtheinitialtotalfuelflow
of3405poundsperhourtoan averagetotalfuelflowof2297pounds
perhour. Thedeadbandforthiscasewassufficientlywidethatno
regularoscillationofthefuelflowwasobtained,butinsteadthetotal
fuelflowdriftedirregularlybetween2060and2535poundsyerhour.
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